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1 .  INTRODUCTION 
1 . 1  Background 
The National  Aeronautics and Space Administrat ion (NASA) has pre- 
vi,ously designed and is c u r r e n t l y  completing t h e  cons t ruc t ion  of an 
advanced V e r t i c a l  Motion Simulator (VMS) a t  Arnes Research Center. It 
has been f i t t e d  with a six-degree-of-freedom (6 DOF) platform t o  providt6 
t h e  long i tud ina l  and angular motions required i n  t h e  s imulat ion of Eixed- 
wing a i r c r a f t .  The ob jec t ive  of t h e  work descr ibed i n  t h i s  r e p o r t  is t o  
develop t h e  conceptual design f o r  convert ing t h e  V e r t i c a l  Motion Simula- 
t o r  from a n  a i r c r a f t  t o  a dual-purpose a i r c r a f t  and he l i cop te r  s imulator .  
This  ob jec t ive  has been met most e f f e c t i v e l y  through t h e  c r e a t i v e  de- 
s i g n  of a unique, high-performance, 4 DOF motion system t o  rep lace  t h e  
present  6 DOF platEorm. 
1.2 Desc r i p t i on  o f  the V e r t i c a l  Mot ion Simulator  (VMS)  
The VMS now nearing completion a t  NASA/Ames i s  i l l u s t r a t e d  i n  
Figure 1. It cons i s t s  of a 6 DOF s y n e r g i s t i c  motion system mounted on a 
s t r u c t u r e  wi th  a l a t e r a l  displacement c a p a b i l i t y  of 40 f e e t ,  i n  t u r n  
mounted on a vertical-motion platform capable of 60 f e e t  of v e r t i c a l  d i s -  
placement. The VMS is housed i n  a tower add i t i on  t o  Building N-243,  
espec ia l ly  designed t o  be compatible with the  o r i g i n a l  VMS. V e r t i c a l  and 
l a t e r a l  motions a r e  powered with DC motor d r i v e  systems and t h e  6 DOF 
p l a t f o r n ~  is  powered wi th  electrohydraulic-actuators supplied through two 
symmetrical c a t e n a r i e s  at tached t o  t h e  tower wal l s .  
1.3 Design Cons t ra in ts  
In  t h e  conceptual design of t h e  modif icat ion of t h e  VMS t o  accommo- 
d a t e  the  requirements f o r  he l i cop te r  s imulat ion a t  l e a s t  four  important 
c o n s t r a i n t s  must be considered a s  follows: 
e Building envelope 
Tho e x i s t i n g  bui ld ing  was constructed with c e r t a i n  epecSa1 
f e a t u r e s  t o  i n t e g r a t e  wi th  t h e  fixed-wing VMS requirements,  For h e l i -  
cop te r  s imula t ion  lung i tud ina l  and angular  motions a r e  g r e a t e r ,  and tho  
cockpi t  m u s t  be enclosad i n  a  6.25 m (20.5 f  t ,  ) OD sphere a t tached  t o  
t h e  moving platform. Therefore,t-he bu i ld ing  envelope imposes a  severe  
l i m i t a t i o n  on the  new motion systczm kinematics,  
Weight: 
The v e r t i c a l  and l a t e r a l  d r i v e s  of t h e  VMS were o r igna l ly  
designed t o  provide the  requi red  perfoxmance wi th  a  c e r t a i n  ca lcu la ted  
g ros s  weight on the  l a t e r a l  ca r r i age ,  Although t h e r e  was provis ion  f o r  
adding d r i v e  power, f u r t h e r  add l t i on  of gross  weigkt could compromise 
v e r t i c a l  and l a t e r a l  performance. Therefore weight of t h e  new 4 DOF 
n~o t ion  flystem is  a second severe  design cons t r a in t .  
w In te rchangeabi l i ty  
Although in t e rchangeab i l i t y  between the  6 DOF platform f o r  
fixed-wing s imulat ion and t h e  new 4 DOF system f o r  he1.icopter s imula t ion  
i s  2110ved i n  t h e  NASA plan: i t  would add a  l a r g e  elern,.nt t o  opera t ing  
cos t .  It would inc lude  not only the manpower c o s t  i n  mttlcing t h e  con- 
ve r s ion  b u t  a l s o  r e f l e c t e d  c o s t s  of unavai lable  VMS s imula t ion  time. 
Therefore t h e  only acceptable  concept f o r  YMS modificatioxl must accommo- 
d a t e  both fixed-wing and he l i cop te r  s imula t ion  requirements. 
Cost \ 
' 3  
Fina l ly  t h e r e  is a l i m i t a t i o n  t o  t h e  amount of funds ava i l -  
a b l e  t o  complete t h e  conversion of the  VMS t o  a he l i cop te r  s imulator .  
The use of exo t i c  ma te r t a l s  f o r  conet ruc t ion  and f o r  bu i ld ing  s p e c i a l  
d r i v e  machinery might a l l e v i a t e  t he  e f f e c t s  of some o the r  cons t r a in t s .  
However, funding would no t  be  adequate t o  support appl ied R&D o r  the  use  
of unproved techniques and components. 
1 .4  Design S t u d y  Approach 
To s a t i s f y  t h e  ob jec t ives  of t h e  requi red  conceptual design s tudy 
wi th in  t h e  c o n s t r a i n t s  Jescr ibed  above, w e  have made a sys temat ic  approach 
t o  the  d e f i n i t i o n  of t h e  most s u i t a b l e  conceptual design. We f i r s t  con- 
s i d e r  t h e  motion and v i aua l  d i sp lay  requirements f o r  both fixed-wing and 
h e l i c o p t e r  s imulat ions inc luding  t h e  e f f e c t i v e  loads. A t o t a l  of 5 kine- 
mat ic  arrangements a r e  i n i t i a l l y  considered. Three a r e  eliminated a t  an 
e a r l y  s t a g e  due t o  t h e  severe  envelope, weight o r  cos t  cons t r a in t s .  Two 
conf igura t ions  a r e  explored i n  more d e t a i l ,  considering t r a d e o f f s  i n  
envelope, weight and ac tua to r  cons t ruc t ion .  The r e s u l t  is  the  s e l e c t i o n  
of t he  most promising approach. 
A t radeoff  s tudy on hydraul ic  versus e l e c t r i c  d r i v e s  i s  e a r t i e d  ou t ,  
b u t  i t  Is l i m i t e d  a t  an e a r l y  s tngc  because of t he  severe  weight con- 
s t r a l n t  , 
The remainder of the work is  concentrated on confirming, through pre- 
l iminary designs,  t h a t  t h e  s e l e c t e d  concept, inc luding  a l l  assoc ia ted  sub- 
systemsp~"l capable of meeting a l l  ob j ec t ives  of t he  program most e f fec-  
t i v e l y  . 
The r e s u l t s  a r e  i n  the form of s p e c i f i c a t i o n s  f o r  t he  VMS modifico- 
t i o n  based on t h e  se l ec t ed  conceptual design,  prel iminary designs of a l l  
subsyetame and es t imates  of c o s t s  and time schedules f o r  d e t a i l  design,  
2 ,  D E S I G N  GOALS 
2.1 Objectives 
The ob jec t ives  of t h e  work t o  be covered by t h i s  Report a r e  t o  de- 
ve lop  tho concept f o r  t h e  "bestv 4 DOF motion system which 
e w i l l  i n t e g r s t e  wi th  t h e  two VriS t r o n s i a t i o n a i  
mot ions 
can e a s i l y  be converted from he l i cop te r  t o  
f ixed-wing s h u l a  t ion  
i n t e r f a c e s  with an advanced v i s u a l  d i sp lay  
sya tem 
makes maxi~num use of proven techniques, con- 
venien t  ma te r i a l s  and off-the-shelf components 
lirnits s t r e s s e s  on ma te r i a l s  and component6 t o  
w e l l  below t h e i r  design limits 
0 provides continuous monitoring of c r l t i c a l  
components and easy access  f o r  maintenance and 
r e p a i r  
2 . 2  Fixed-Wing Simulation 
To s a t i s f y  t h e  requirements f o r  fixed-wing s imulat ion,  a 4 DOF motion 
system mounted on the  VMS l a t e r a l  ca r r i age  must meet t h e  fol lowing re- 
quirements : 
2,2.1 Mottons (not sf my1 taneous) 
Mode Displocemcnt Vclociky Acceleration 
Longitudinal 3. 0.761~ - t 0.61 m/6ec - + 4.88 m/soc2 
(2.5 ft) (2 Etlecc) (16 ft/scc2) 
0 Roll + 0.38 rad - t 0.26 rad/sec 3. 0.87 radlsecz 
' (22") (15 /set) - (50°/sec2) 
t 0.45 rod 
n Pitch 
- 0,42 rad t 0,87 rad/sec2 + 0.26 rad/soc -- 
(24O) (15 9 /set) (50°/scc) 
Yaw 2 :iL5!)rad - t 0.26 rad/sec - + 0.87 rod sec2 
(15 /set) (50°/sec 1 ) 
2.2.2 Loads 
7 
a Gross Weight 3,632 kg (8,000 Ib) 
e Mom, of Inertia I.-._ 2,939 n m sec2 (26,000 lb in sec2) 
&A 
e Mom. of Inertia I 3,504 n m sac2 (31,000 lb in sec2) 
Y Y 
Mom. of Inertia IZZ 3,504 n m sec2 (31,000 lb in sec2) 
2.2.3 Frequency Response 
Based on tho projected characteristics of the existing VMS, a11 motions 
should exhibit less than 0.52 rad (30') phase lag at 9.42 rad/sec (1.5 hertz). 
2.3 Helicopter Simulation 
To satisfy the requirements for helicopter simulation, a 4 DOF motion 
system mou~ted on the VMS lateral carriage must meet the following require- 
ments : 
2.3.1 Motions (simultaneous) ,- 
Simultaneous Worst Combination of Two 
Mode Displacement Velocity Acceleration 
Longitudinal .. + 1.22 m - + 1.22 m/sec & 3.05 m/secz 
(4 ft) (4 ftlsec) (10 ft/sec2) 
0 Roll 
e Pitch 
3- 0.31 rad f 0.52 rad/sec f 1.04 rad sec 1 2 - - - (la0) (30' /sec) (60°/sec ) 
+ 0.31 rad + 0.52 rad/sec + 1.04 radisec 2 
- - - 
(18O) (3o0/sec) (60"/sec ) 
o Yaw 
4 
+ 0.42 rad 4- 0.52 rad/sec + 1.04 radisec 2 
- - 
(24') (30°/sec) (60°/sec ) 
2 , 3 , 2  Load 
n Configurat ion 6.25m (20.5 f t )  d i n  sphere ( sec t ion)  
Cross Weight 5,448 kg (22,000 Ibe)  
Mom. of I n e r t i a  Ixx, Up t o  40,718 nm rrr?c2 (30,000 1b f t  eec2) 
Iyy'  I Z Z  
2.3.3 Frequency Response 
Loss than 0.52 rod (30') phase l a g  a t  9,42 rod/sec (1.5 he r t z )  
C h a r a c t e r i s t i c s  of n second order  system wi th  n a t u r a l  Erequency 
of 18.8 rad /eec  (3  h e r t z )  and damping f a c t o r  of 0.7 up t o  
12.6 rad /sec  (2 he r t z )  
e Tolerances on matching t h i s  response s h a l l  be 2 2 db i n  amplitude 
and 20% i n  phase. 
2.4 ;aS/V i sua 1 Sys  tern Envelope 
The payload on t h e  moving 4 DOF s y ~ t e m  i s  e s s e n t i a l l y  a s ec t ion  of 
a 6.25m (20.5 f t )  OD ~jphere enclosing t h e  cab and v i s u a l  systems. The 
prel iminary layout  as, appl ied i n  t h e  conceptual  design s t u d i e s  reported 
he re  is  shown i n  Figure 2. The est imated gross  weight i s  5,448 kg 
(3.2,000 l b )  w i th  an, i n e r t i a  up t o  40,718 nm sec2  (30,000 l b  f  t: secz) . 
2.5 Building Envelope 
The VMS i s  housed i n  a specially-designed bui ld ing  o r i g i n a l l y  in- 
tended t o  accomrnr>date fixed-wing s imulat ions,  The buZlding and the  major 
s t r u c t u r a l  components a r e  shown i n  Figure 3 excluding the  6 DOF platform 
on t h e  l a t e r a l  ca r r i age .  Note t h a t  t he  allowable opera t ing  envelope i s  
l imi t ed  t a  less than 9.46m (31 f t )  i n  t he  long i tud ina l  d i r e c t i o n  due t o  
t he  p ro j ec t ions  of t he  loading ramp and t h e  e a s t  wa l l  v e r t i c a l  t rack .  
With a 6.25m (20.5 f t )  s p h e r i c a l  envelope around t h e  cockpit  and a re -  
qu i red  I.ongitudina1 displacement of 51 .22m (4 f t ) ,  t h i s  l i m i t a t i o n  i m -  
poses one of t h e  most: sevore constral .nts  on t h e  new motion system design. 
3 .  K I N E M A T I C  CONCEPT DEVELOPMENT 
During t h e  course of the  design s t u d i e s  covered i n  t h i s  program, 
f i v e  d i f f e r e n t  kinematic concepts were evaluated.  The f i r s t  t h r ee  t o  be 
descr ibed he re  requi red  only a b r i e f  i n v e s t i g a t i o n  before being discarded 
a s  unsu i t ab l e  f o r  t h e  app l i ca t ion .  The ren~aining two were considered i n  
f u r t h e r  d e t a i l  before  f i n a l  s e l e c t i o n .  
3 , l  Six DOF Syncrg is t lc  Plat form 
Ciea r ly  t he  most Elax ib le  and proven concept Is the  6 DOF synerg is t5c  
platform illustrated i n  Figure 4, It raqu i r e s  tho movement s f  the  mini- 
mum of dead weigbt, t he re fo re  is  capable of t he  h ighes t  performance with 
minimum power. Using the  mathematical model previously devoloped when 
t h c  Frankl in  Research Con t o r  (FRC) invented t h i s  lno t i o n  system, t h e  leng  th  
oE s t roke  of the  ac tua to r s  necessary t o  provide t h e  simultaneoutl displace-  
ments requi red  f o r  he l i cop te r  s imula t ion  (Para. 2 .3 , l )  were ca lcu la ted ,  
l'he r e s u l t  was 3.66171 (12 E t ) ,  This i n  i t s e l f  represents  an  unrealistic 
design condi t ion .  Further  c a l c u l a t i o n s  and design layouts  ind ica ted  t h a t ,  
i n  c e r t a i n  f a i l u r e  modes, t h e  s p h e r i c a l  v i s u a l  system envelope would con- 
t a c t  the  bui ld ing  walls, Therefore t h e  6 DOF s y n e r g i s t i c  platform was 
eliminatcld a s  a  candidate  concept. 
3.2 Air Bearing Sphere 
Considering t h e  major c o n s t r a i n t s  of opera t ing  envelope and minimum 
weight,  t h e  concept of supporcing the  s p h e r i c a l  v i s u a l  system on a i r  bear- 
i ngs  a t  i ts outer  diameter a s  i l l u s t r a t e d  i n  Figure 5 is a most appeal ing 
concept, It elimLnates t he  need f o r  cascaded gimbals and minimizes longi- 
t ud ina l  ove r t r ave l .  The technology is  an  advanced one bu t  FRC has been 
a t  the  l ead ing  edge f o r  many years .  Based on t h i s  experience,  ca l cu ln t ions  
of the  s i z e  and layout  of t h e  a i r  pads were made which determined how the  
loads  must be t ransmit ted through tho s p h e r i c a l  s h e l l .  The r e s u l t s  i nd i -  
cated t h e  need f o r  increas ing  t h e  weight f a r  beyond the est imated amount 
(Para. 2 .4) .  The l o c a t i o n  of t h i s  a d d i t i o n a l  mass r a i s e d  t h e  est imated 
i n e r t i a  t o  a n  u n r e a l i s t i c  51,575 nm sec2  (38,000 ~b- f t - s ec2 ) .  The ex- 
cess ive ly  h igh  d r i v e  power requi red  t o  achieve t h e  requi red  performance, 
p l u s  t h e  a n t i c i p a t e d  d i f f i c u l t i e s  i n  machining and maintaining such l a r g e  
s p h e r i c a l  su r f aces ,  l e d  t o  t h e  e a r l y  e l imina t ion  of t h i s  concept from 
f u r t h e r  cons idera t ion ,  
3 . 3  Gimbal led  Four DOF 
The mechanically-gimballed 3 DOF coclcpit on s sepa ra t e  t r a n s l a t i n g  
c a r r i a g e  a s  shown i n  Figure 6 i s  a f a m i l i a r  concept t h a t  a l s o  minimizes 
l o n g i t u d i n a l  over t rave l .  T t  has  been proven i n  many yea r s  of s e r v i c e  i n  
t h e  FSAA Simulator a t  NASAIAmes. Applied t o  he l i cop te r  s imula t ion  on the  
VMS, i t  r equ i r e s  some except ional ly- large s t r u c t u r e s  t o  accommodate the  
6,25111 (20.5 f t )  diameter s p h e r i c a l  envelope. The weight of t h e  gimballed 
system was est imated at an e x c e ~ s i v e  12,712 kg (28,000 l b )  f o r  the s t ruc -  
t u r e ,  no t  inc luding  the  weight of t h e  d r ive  systems, and t h e  l o c + t i o n  of 
t h e  a d d i t i o n a l  mass r a i s ed  t h e  est imated i n e r t i a  t o  47,504 nm sec  2 
(35,000 l b  f t  s ecz ) ,  compromising d r i v e  system performance and power re- 
quirements. Therefore the  mechanically-gimballed l,ystem concept was elim- 
ina ted  because of t h e  weight cons t r a in t .  
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3 . 4  Synergtstfe Four DOF Platfarnl 
A now k i t r a m t i c  arrangement: was conceived t o  maintain tho minimum 
weight b e n e f i t  of tlru 6 DOF platdorm and t o  c o n t r o l  t he  ove r t r avo l  d i s -  
placement, The concept 2s i l l u s t r a t e d  i n  Figure 7,  Tho moving platform 
i s  r e s t r a i n e d  from any l a t e r a l  motion by tho hlnged contar  poat ,  T t  50 
lZmited t o  a smZ1 v e r t i c a l  displacement by tho  f i x e d  he ight  o f  t he  
conker pos t ,  It is f r e e  t o  mova i n  tllo romclinitiy: f o u r  degrees of Sreo- 
dom a s  d r iven  by tho  four  ac tua to r s ,  Overtravel  can b e l i m i t c d  by moana 
of mechanical s tops  on center  pos t  hingo atzd platform p i t ch  anglcs.  
The mathematical model was develdped f o r  t h e  new 4 DOF syna rg l s t s c  
system and programmed f o r  computer sfmulat ions.  Calculat ions showed 
chat: t he  concept can be t h o  most e f f i c i e n t  k i n c m t i c  arrangemont f o r  prb- 
ducing 4 DOF motions, However, because a l l  motions a r e  produced by the 
4 ac tua to r s  from a common ~ e f c r e n c r ?  (as they  a r e  i n  the  C DOF s y n @ r g i s t i c  
s y s  tem) , t h e  ac tua to r s  muot have except iona l ly  long B t rokcs  To accorono- 
d a t e  both fixed-wing and he l i cop te r  simu1at:ions on t h e  W S ,  these s t rokes  
o r e  approximately 4.58M (15 f t ) .  This r e s u l t s  Ian an, imprac t ica l  cy l inder  
design,  
3.5 Three DOF Platform on a Longitudinal Carrlago 
To overcome the  handicap of exceptionally-long ac tua to r s ,  a second 
new kinematic arrangement was conceived a s  i l l u s t r a t e d  i n  Figure 8. Mere 
the  long i tud ina l  motion is  provided by a t r a n s l a t i n g  ca r r i age  support ing 
R 3 DOF platform. The platform is  r e s t r a i n e d  from any t r a n s l a t i o n s  by a 
f i x e d  cen te r  pos t ,  Only angular  motions a r e  dr iven by the th ree  canted 
ac tua to r s  thereby l i m i t i n g  t h e  requi red  s t r o k e s  of t h e  ac tua tors .  Over- 
t rave l  is  conveniently l imi t ed  by mechanical s tops  and the re  is  no kine- 
ntatic coupling between t r a n s l a t o r y  arid angular  motions. 
The mathematical model f o r  t h e  3 DOF plaCform was developed and pro- 
grammed f o r  computer s imula t ions ,  Calcu la t ions  showed t h a t  t he  maximum 
ac tua to r  s t r o k e  t o  accommodate both f!xed-wing and he l i cop te r  s imulat ions 
i s  1.53m ( 5  Et}, a reasonable l eng th  f o r  p r a c t i c a l  design. Prel iminary 
es t imates  showed t h a t  t h e  concept can be constructed wi th in  t h e  weight 
l i m i t a t i o n  of 11,804 kg (26,000 l b s ) .  Preliminary layouts  showed t h a t  
t h e  opera t ing  envelope remains s a f e l y  wi th in  t h e  bui ld ing  envelope wfth- 
o u t  modif icat ions.  
3 . 6  Selec t ion  of Concept f o r  Design S t u d y  
Having r e j ec t ed  t h e  f i r s t  t h r ee  concepts on gross  v io l a t ions  of de- 
s i g n  cons t r a in t s ,  only the  l a s t  two need be  considered i n  g r e a t e r  d e t a i l .  
Both the 4 DOF s y n e r g i s t i c  p la t form and t h e  3 DOF platform on a ca r r i age  
can  be designed t o  f i t  wi th in  a l l  of the  cons t r a in t s .  The t r adeo f f s  a r e  
found i n  weight,  case of cons t ruc t ion  and complexity of cont ro l .  Since 
t h e  weight r e s t r i c t i o n  can be met wi th  the  more e a s i l y  cont ro l led  3 DOF 
concept and t h e  cons t ruc t ion  of t h e  long ac tua to r s  f o r  t h e  4 DOF concept 
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would be very  d i f f i c u l t ,  t he  tormer i a  c l e a r l y  t h e  nrost s u i t a b l e  concept 
f o r  t h e  VMS modif icat ion.  
I n  sumnlary, t h e  s e l ec t ed  concept us ing  a 3 DOF p la t form on a longi-  
t u d i n a l  ca r r i age ,  a s  Illustrated i n  Figure 8, has  t h e  fol lowing outstand- 
f  eatures:  
u opera tes  wi th in  t h e  e x i s t i n g  bui ld ing  envelope 
can be b u i l t  within t h e  spec i f i ed  weight l i m i t a t i o n s  
8 provides both fixed-wing and he l i cop te r  s imulat ions 
without mechanical changes 
capable of outs tanding dynamic response wi th  reason- 
ab l e  power 
o minimizes coupling between motions 
8 uses proven opera t ing  p r i n c i p l e s  and rdadi ly-avai lable  
components 
simple and r e l i a b l e  kinematic design 
8 can be b u i l t  f o r  r e l a t i v e l y  low cos t  
4. D R  l V E  SYSTEM EVALUAT D ONS 
la t h e  course of t h e  e a r l y  design s t u d i e s ,  var ious  types of power 
d r i v e  systems were considered a s  follows. 
4 .1  E l e c t r i c  Motor With Rack E Pinion 
The rack  and p in ion  dr iven  wi th  an  e l e c t r i c  motor was considered f o r  
t h e  long i tud ina l  d r ive  pr imar i ly  because of i ts s i m i l a r i t y  t o  t he  l a t e r a l  
and vert ical .  VMS dr ives .  Power requirements were est imated a t  60 horse- 
power. '1:o provide smooth motion a t  very low v e l o c i t i e s ,  i t  i s  necessary 
t o  provide a sepa ra t e  speed reducer.  The prel iminary es t imates  on weight 
of t h i s  system a re :  
e 60 hp tilotor 345 kg ( 760 l b s )  
e speed reducer  118 kg ( 260 l b s )  
e rack  & pin ion  68 kg ( 150 l b s )  
To ta l  r e l a t i v e  weight 531 kg (1170 l b s )  
Also considered were t h e  mechanical problerns of maintaining t h e  
proper mesh between rack  and p in ion  and t h e  a c o u s t i c a l  problems inherent  
t o  running gears.  
4.2 E l e c t r i c  Motor With Ball-Screw Actuator 
The e l ec t r i ca l ly -d r iven  ball-screw ac tua to r  is  a d r i v e  concept t h a t  
i s  a l s o  s i m i l a r  t o  proven equipment i n  s e r v i c e  a t  NASA/Ameo. Preliminary 
ca l cu la t ions  ind ica t ed  t h e  need f o r  l i n e a r  v e l o c i t i e s  t h a t  exceed the  
accepted l i m i t s  on b a l l  ve loc i ty  and screw p i tch .  Power requirements f o r  
p la t form d r i v e s  were est imated a t  75 hp. Again a speed reducer would be 
requi red  f o r  smooth motion a t  low ve loc i ty .  Weight es t imates  amount t o  . 
a 75 hp motor 341 kg ( 750 l b )  
o ac tua to r  272 kg ( 600 1.b) 
speed reducer 136 kg ( 300 1b) 
T o t a l  r e l a t i v e  weight 749 kg (1650 l b )  
4 .3  Linear Induction Motor 
Linear 1nd1:ction Motors (LIZI) a s  a long i tud ina l  d r ive  has  a  xzumber of 
a t t r s c t i v e  f ea tu re s .  It e l imina te s  t h e  need f o r  a rack and p in ion ,  a  
speed reducer o r  any o the r  mechanical c o u p l i ~ g  except bearings. The 
t h r u s t  can be  generated i n  t he  s t r u c t u r a l  ma te r i a l  i n  t he  moving base and 
be d i s t r i b u t e d  over a  wide a r e a  t o  minimize s t r e s s e s .  Based on LIM de- 
s i g n s  previously used by FRC i n  vehic le  propulsion,  t he  est imated weight 
of t h e  motors i s  2,361 kg (5,200 l b )  . 
4.4  Hydraulic Motor Drives 
Rotary hydraul ic  motors were considered with both rack-and-pinion 
and ball-screw ac tua t ion .  The motors themselves a r e  smaller  and l i g h t e r  
than equi.valent e l e c t r i c  motors but  t he  ac tua t ion  i s  subjec t  t o  t h e  same 
c r i t i c a l  comments a s  before.  
4.5 Electrohydraul i c  Actuators 
Elec t rohydraul ic  a c t u a t o r s  a r e  most widely used i n  t h e  design of 
high-performance motion systems and have proved t o  be very r e l i a b l e  and 
maintenance-free. FRC has  over 100 man-years of experience i n  design- 
ing  and bui ld ing  these  systems. They e l imina te  t h e  need f o r  rack  and 
p in ions  o r  ball-screws and provide a  d i rec t -ac t ing  fo rce  f o r  a  minimum 
of weight.  For the long i tud ina l  motion, t h e  estimated e lec tsohydraul ic  
d r i v e  weights were 
e cy l inde r  279 kg (615 l b )  
e servovalve 45 kg (100 l b )  
r accumulators 9 1  kg (200 l b )  
To ta l  r e l a t i v e  weight 415 kg (915 l b )  
4.6 Se lec t ion  of Drive System 
Tradeoffs t o  be considered i n  t h e  s e l e c t i o n  of t h e  d r i v e  system f o r  
t he  new 4 DOF conceptual des ign  a r e  p r imar i ly  mechanical complexity and 
weight. A l l  those evaluated,  wi th  t h e  poss ib l e  except ion of t he  LIM 
dr ive ,  have b2,c.n well-proven and components a r e  r e a d i l y  ava i l ab l e .  Also 
considered was t h e  a v a i l a b i l i t y  of maintenance and opera t ing  s k i l l s  ava i l -  
ab le  t o  t h e  VMS f a c i l i t y .  
I n  review of t h e  foregoing eva lua t ion  of t h e  var ious  d r i v e  systems, 
i t  i s  c l e a r  t h a t  t h e  e l ec t rohydrau l i c  a c t u a t o r  is  t h e  s imples t ,  l i g h t e s t  
and most maintenance-free. The e x i s t i n g  6 DOF platform on t h e  VMS is  
hydraul ica l ly  powered and t h e  necessary operati-ng and maintenance s k i l l s  
a r e  r e a d i l y  ava i l ab l e .  Therefore e l ec t rohydrau l i c  d r ives  have been 
&elec ted  f o r  a l l  motions i n  t h e  new conceptual  design. Guided by t h e  
except ional  experience of FRC personnel ,  s p e c i a l  cy l inde r s  w i l l  b e  de- 
signed with equal  a r e a  p i s tons  t o  minimize servo-valve requirements and 
provide f o r  smoother con t ro l .  Servo vaxve t h i r d  s t ages  w i l l  a l s o  be 
designed with p rop r i e t a ry  po r t ing  arrangements which w i l l  prevent t h e  
occurrence of t h e  "hydraul ic  bump" phenomena. 
5. LONGITUDINAL SYSTEM D E S I G N  
5.1 Calculat ion of Loads 
A 1 1  prel iminary ca l cu la t ions  i n d i c a t e  t h a t  t h e  gross  weight con- 
s t r a i n t  f o r  t h e  new 4 DOF conceptual design can be met. The ca l cu la t ion  
of loads  on the  long i tud ina l  system i s  based on t h e  t o t a l  amount of 
11,804 kg (26,000 l b s ) .  This  provides an  i n i t i a l  "cushion" due t o  the  
weight of t he  p a r t s  t o  be f i x e d  t o  t h e  l a t e r a l  car r iage .  
5.2 Mechan i ca 1 Layout 
The mechanical design of t h e  long i tud ina l  system i s  based on a  
s l i d e  mechanism dr iven  wi th  a  hydraul ic  cy l inder  a s  i l l u s t r a t e d  i n  
Figure 9.  Ba l l  bearings have been chosen t o  provide t h e  smoothest motion 
and lowest noise.  The base s t r u c t u r e  i s  t o  be a t tached  d i r e c t l y  t o  t he  
box s e c t i o n  of t h e  e x i s t i n g  VMS l a t e r a l  c a r r i a g e  t o  ainimize weight and 
match platform he igh t  t o  t he  e x i s t i n g  access  ramp. The hydraul ic  cyl inder  
i s  mounted beneath the  moving ca r r i age  bu t  i s  acces s ib l e  f o r  s e r v i c e  o r  
removal when t h e  ca r r i age  is  extended. Preloaded c l e v i s  p ins  a r e  used t o  
e l imina te  backlash. The servovalve is  mounted d i r e c t l y  on t h e  cy l inder  
f o r  c l o s e  coupling and maximum hydraul ic  s t i f f n e s s .  Accumulators loca ted  
c lose  t o  t he  a c t u a t o r s  s a t i s f y  the peak demands of t h e  motion systems, 
minimize pump capac i ty  and provide emergency system power. 
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5.3 Mechanlcal Deta i l s  
Figure 10  ahows t h e  d e t a i l s  of t h e  bearing s e c t i o n  of t h e  longi tu-  
d i n a l  system. 
Two rows of 0.0321~ ( 1  114" ) dia.. s t e e l  b a l l s  spaced by p l a s t i c  
cages a r e  captured between hardened s t e e l  upper and lower races .  The 
unique f e a t u r e  of t h i s  design i s  t h n t  t he  bearings a r e  preloaded i n t e r -  
n a l l y  by c o n t r o i l i n g  t h e  to l e ran  :,its. The preload is contained wi th in  
t h e  bedring u n i t  and w i l l  n o t  rei'l.ec-c t o  t he  otrur;tures. Therefore t he  
preload w i l l  be  kept  a t  t h e  contr~Kl63d va lue  regaxdless  of s t r u c t u r e  
d e f l e c t i o n s ,  which a r e  r e l a t i v e l y  l a rge  f o r  t h e  bea r in3  clearance.  Also, 
because of t h i s  arrangement, t he  bearings can be  f ab r i ca t ed  and bench 
t e s t e d  a s  a s i n g l e  u n i t  before  i n s t a l l a t i o n .  
5.4 Hydraulic Cylinder Design 
The hydrau l i c  cy l inde r  i s  specially-designed t o  provide equal  p i s t o n  
a r e a s  i n  both d i r ec t ions .  This i n su re s  balanced peak fo rces  and hydrau- 
l i c  gains,  and e l imina tes  t h e  need f o r  excessive flow through t h e  servo- 
va lve .  A l ayou t  of t h e  cy l inder  is  shown i n  Figure 11 (Dwg No 2824). 
The toVal l eng th  of conventional equal  p i s t o n  a rea  cy l inders  re- 
q u i r e s  two and half  t imes the  t o t a l  s t r o k e  p lus  t h e  dead l eng th  of t h e  
connecting eyes ,  glands and p is ton .  The excessive length  p re sen t s  prob- 
l e m s  i n  space requirements and l a r g e  l a t e r a l  de f l ec t ions .  
The presented design "folds" t h e  pressure  a r e a  f o r  ex tens ion  s t r o k e  
i n s i d e  of t h e  p i s ton  rod and saves about 50% of t h e  t o t a l  l ength .  The 
on ly  disadvantage of t h i s  design is t h n t  a  r a t h e r  l a r g e  amount of f l u i d  
i s  trapped i n s i d e  t h e  cy l inder  which tends t o  decrease the  hydraul ic  
s t i f f n e s s  and t h e  n a t u r a l  frequency of t h e  t o t a l  system. 
6 The hydraul ic  s t i f f n e s s  of t h i s  design is est imated a t  10.5 x 10 n/m 
(6 x  10 I b / i n )  which i s  adequate f o r  spec i f i ed  performance requirements.  
5.5 Cylinder and Servovalve Sizing 
With r e fe rence  t o  Para. 2.2.1, t he  maximum longi tudinah  acce l e ra t ion  
i s  4.88 n /sec2  (16 f  t / s e c 2 )  f o r  t h e  f ixed  wing case. However, the  worst- 
c a s e  loading i s  duci. t o  t h e  p i t c h  motion wi th  a  maximum acce l e ra t ion  of 
1.04 rad/sec2 (60'/sec2) and maximum ve loc i ty  of 0.52 rad /sec  (30°/sec) 
coupled with 3.05 m/sec (10 f t / s e c )  l ong i tud ina l  acce l e ra t ion  f o r  t h e  
he l i cop te r  case .  
Assuming the  cen te r  of mass of t he  r o t a t i o n a l  load [weight 6,810 kg 
(15,000 l b )  and Ixx of 45,212 nm sec2 (400,000 l b  i n  s e c 2 ) ]  is  loca ted  
1.097111 (43.2 i n )  above t h e  platform pivot: po in t  (see Figures 2 and 8 ) ,  
p l u s  dead weight of l ong i tud ina l  ca r r i age  of 10,000 Lb, the  long i tud ina l  
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acce l e rn t lon  ue t o  p i t c h  motion coupLed wi th  a long i tud ina l  acce l e ra t ion  
of 3.05 m/secq (10 f t / s e c 2 )  r equ i r e s  n l ong i tud ina l  cy l inde r  f o r c e  of 
10,442 kg (23,000 lb ) .  With a 2.07 x l o7  n/m2 (3,000 p s i )  supply 
p re s su re  and a n  assumed 5,31 x 106 n/m2 (770 p s i  ) drop across  t he  servo- 
valve,  t h e  p i s t o n  a r m  should be approxiri.,koly 6.65 x 10'~ m2 (10.31 i n 2 ) .  
The worst-case maximum v e l o c i t y  is  t h e  1.22 m/sec (4 f t l s e c )  on i- 
t u d i n a l  motion. The f low r a t e  i s  1.22 m/sec (4 f t / s e c )  % 6.65 x 10- m$ 
(10.31 in2 )  a 8 '11  x 10'~ m3/sec (495 in3/sec)  o r  128 gpm. 
5.6 Control System Design 
With t h e  d e f i n i t i o n  of l ong i tud ina l  system loads and component s i z -  
ing,  t h e  prelS,minary design of t h e  c o n t r o l  system can proceed. Trans- 
f e r  func t ions  were derilved f o r  t h e  ac tua to r / l oad ,  the  two -s tage commer- 
c i a l  servovulve and t h e  specially-designed t h i r d  s t a g e  spool .  Followlpg 
previous experience, a p o s i t i o n  loop i s  closed around t h e  throe-stage 
servovalve t o  extend i t s  bandwidth t o  a n  acceptable  frequency. The re- 
mainder of t h e  complete closed-loop c o n t r o l  system is  then  f i l l ed -ou t  
a s  shown i n  F igure  12. 
The p o s i t i o n  loop i s  closed t o  provide a s t a b l e  reference and t o  re- 
spond t o  p o s i t i o n  commands a s  required.  The ve loc i ty  loop i s  closed t o  
provide e f f e c t i v e  damping and t o  al low f o r  d i r e c t  response t o  ve loc i ty  
commands, The a c c e l e r a t i o n  loop i s  closed t o  Insure  smooth, low ve loc i ty  
t racking  and t o  compensate f o r  s t r u c t u r a l  resonances,  i f  necessary. A 
feedforward pa th  i s  a l s o  provided t o  enhance t h e  dynamic response of the  
closed-loop system. The numbers i n  the t r a n s f e r  func t ions  have been cal-  
cu la ted  from t h e  d r i v e  requirements,  t h e  c h a r a c t e r i s t i c s  of che components 
and t h e  computer s t u d i e s  of t h e  frequency response of t he  long i tud ina l  
sys tem. 
5.7 Predicted Frequency Response 
The mathematical model of t h e  long i tud ina l  con t ro l  system a s  repre- 
sented i n  Figure 1 2  was programmed f o r  s imula t ion  on FRC1s PACER 100 
hybrid computer f a c i l i t y .  Parameter s t u d i e s  were run, comparing t h e  pre- 
d ic ted  frequency response a l c h  t h e  requirements of Para. 2.3.2. The rz- 
s u l t s  compared w i t h  those requirements a r e  shown in Figure 13. 
The ca l cu la t ed  closed-loop phase s h i f t  a t  9.42 rad /sec  (1.5 Hz) i s  
-0.43 r a d  (25O), which i s  17% l e s s  than  t h e  0.52 rad  (30') spec i f i ed .  
The ca l cu la t ed  amplitude i s  wi th in  t h e  2 2 db allowed by the  s p e c i f i c a t i o n ,  
up t o  12.6 rad /sec  (2 Hz).  The phase margin and t h e  gain margin f o r  system 
s t a b i l i t y  of t h e  pos i t i on  servo  a r e  1.08 rad  (62') and 12  db, r e spec t ive ly ,  
which r ep re sen t s  a s a f e t y  f a c t o r  of b e t t e r  than 4.' This i s  more than 
adequate t o  i n su re  s t a b i l i t y  i n  cases  of v a r i a t i o n  of load and minor mal- 
funct ions.  
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The r e s u l t s  of t ho  s imula t ion  s t u d l e s  confirm t h a t  t h e  frequency 
response requirements f o r  t h e  l o n g i t u d i n a l  c o n t r o l  system can be met and 
exceeded w i t h  t h e  proposed conceptual  design. 
6. ROTATIONAL 3 DOF SYSTEM DES l GN 
6.1 Calculat ion of Loads 
Because of t h e  coupling between cy l inde r s  d r iv ing  the 3 DOF platform,  
i t  i s  n o t  a  simple matter  t o  c a l c u l a t e  loads on t h e  a c t u a t o r s  arld s t ruc-  
t u r a l  stresses. A s  i n  a l l  our  s y n e r g i s t i c  system des igns ,  t he  mathemati- 
c a l  model was developed and programmed f o r  computer ana lys i s  t o  a i d  i n  
t h i s  design. The model s imula tes  t he  behavior of t h e  3 DOF p la t form under 
a l l  possible ,  combinations of condi t ions  and computes s t r u c t u r a l  s t r e s s e s  
and a c t u a t o r  loads a s  we l l  a s  cy l inder  acce l e r a t i ons ,  v e l o c i t i e s ,  and d is -  
placements. The program searches f o r  and p r i n t s  ou t  maximum va lues ,  a s  
app rop r i a t e .  
The dominate f a c t o r  of t h e  s t r u c t u r a S  design f o r  dynamic machinery 
such a s  f l i g h t  s imula tors  is  o f t e n  s t i f f n e s s  r a t h e r  than s t r e s s .  I n  t h e  
c a s e  of t he  cen t e r  p o s t  design (Figure 20) which works a s  a  c a n t i l e v e r  
beam t o  support  a l l  t h e  l a t e r a l  f o r ce s  of t h e  payload, i t  is  designed 
t o  h . o e  a n a t u r a l  frequency above 87.9 r a d l s e c  (14 Hz) and t h c  stress i s  
at a r a t h e r  iow l e v e l .  
In  t h e  case  of s t r u c t u r a l  design, worst-casa modes of i n t e r a c t i v e  
ope ra t i on  were explored t o  f i n d  maximum stresses. These a r e  beyond t h e  
simultaneous motion requirements of Para.  2.3.1, I n  t h e  s t r u c t u r a l  de- 
s i g n ,  a  s a f e t y  f a c t o r  of 3 has been appl ied  on a l l  members and components 
which w i l l  be r e t a ined  i n  t h e  f i n a l  des ign  a s  long a s  t h e  weight con- 
s t r a i n t  cont inues  t o  be met. 
6 .2  Mechanical Layout of 3 DOF Platform 
The kinematics  of t he  3 DOF a r e  b e s t  i l l u s t r a t e d  wi th  t he  photographs 
i n  Figures  1 4  through 18. A genera l  l ayout  i s  shown i n  Figure 19. 
The hydrau l i c  cy l inders  a r e  a t tached  t o  t h e  base sind t o  t h e  moving 
p la t form w i t h  un ive r sa l  j o i n t s  having preloaded c l e v i s  p i n s  t o  e l imina t e  
l o s t  motion. The p la t form i s  mounted on t h e  cen t e r  pos t  wi th  a  b a l l  
bear ing  on top  of a un ive r sa l  j o i n t ,  decoupling yaw motion from p i t c h  and 
r o l l .  The servovalve i s  mounted d i r e c t l y  on t h e  cy l inde r  f o r  c l o s e  coup- 
l i n g  and maximum hydraul ic  s t i f f n e s s ,  Accumulators l oca t ed  c l o s e  t o  t h e  
a c t u a t o r s  s a t i s f y  t h e  peak demands of t h e  a c t u a t o r s ,  minimtze pump capa- 
c i t y  and provide emergency shutdown power. 
- -- a- - I 
* 
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6 . 3  Mechanical Deta i l s  of the 3 D O F  Platform 
Figure 20 shows f u r t h e r  d e t a i l  on the  deoign of t h e  center  pos t ,  It 
is a simple conica l  s e c t i o n  with a 3 DOF j o i n t  a t  the  top  and an a t tach-  
ment f l ange  a t  t he  bottom, It w i l l  be f ab r i ca t ed  of aluminum welded p l a t e  
s t o c k  anu bo l t ed  t o  t h e  long i tud ina l  platform t o  avoid welding d i s t o r t i o n s .  
and alignment problems, 
A s p e c i a l  un ive r sa l  j o i n t  is designed t o  connect t he  center  pos t  and 
r o t a t i o n a l  platform; i t  allows t h e  platform t o  r o t a t e  i n  a l l  required r o l l ,  
p i t c h  and yaw motions but  supports  t h e  loads andprovides  r e s t r a in t :  i n  a l l  
t h e  t r a n s l a t i o n a l  motions; l ong i tud ina l ,  l a t e r a l  and heave. 
The r o t a t i o n a l  platform i s  designed t o  suppoxt the  universa l  cab 
(Figure 2) and with provis ion  f o r  mounting t h e  6.25m (20.5 f  t )  dia .  v i s u a l  
d i sp l ay  screen ,  It w i l l  be f ab r i ca t ed  of welded aluminum box sec t ions  
(two channels welded f a c e  t o  face)  t o  provide s t i f f n e s s  and s t r eng th .  
6.4 Calculat ion of Cylinder Force and Velocity 
A s  i n  t h e  cage of load ca l cu la t ions  f o r  s t r u c t u r a l  design,  computer 
s imula t ion  of the  r i ,~ themat ica l  model. of t h e  3 DOF platform has been a  
va luable  a i d  i n  determining normal cy l inder  fo rces  and v e l o c i t i e s .  Be- 
cause of t h e  n o n l i n e a r i t i e s  i n  t h e  platformlcinematics  and t h e  many 
poss ib le  combinations of motions, t h e  determinat ion of maximums required 
a  ccmprehensive s e r i e s  of sensitiv:lky s tud ie s .  For exa~ :> le ,  Figure 21 
shows a  p l o t  of maximum cyl inder  v ~ l o c i t y  a s  a  func t ion  of yaw commands 
a t  s e v e r a l  opera t ing  po in t s  i n  r o l l .  
Enough of t h e s e  manual searches have been completed t o  e s t a b l i s h  prelim- 
i n a r y  design va lues  f o r  maximum cyl inder  fo rce ,  v e l o c i t y  and displacement. 
We have 
e displacement 1.52m (GO inches)  
e ve loc i ty  1.07 m/sec (42 in / sec)  
f o r c e  83,660n (18,800 l b )  
Data on th i s  pogo i r  Proprietary. Ito duplicrcion, 
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6.5 Cylinder and Valve Sizing 
The maximum cy l inde r  fo rce  requi red  f o r  platform motion is  calcu- 
l a t e d  t o  be  83,660 n (18,800 l b )  , A p i s  ton  a r e a  of 5.35 x lom3 rnz 
(8.30 in2)  is  chosen t o  provide the necessary f o r c e  from t h e  common s u  p l y  
pressure  of 2.07 x l o 7  n/m2 (3,000 p s i )  less an assumed 5.07 x lo6 n/m 
(735 p s i )  drop across  t h e  servovalve, 
P 
The worst-case v e l o c i t y  i s  defined a s  12.8 m/sec (42 in / soc ) .  With 
t h e  5.35 x lom3 m2 (8.30 in2)  p i s t o n  a r e a ,  t he  maximum flow r a t e  i s  
5.72 x low3 m3/sec (349 in3/sec)  o r  90 gpm. 
6 . 6  Control System Design 
With t h e  d e f i n i t i o n  of t h e  loads ,  cy l inders  and servovalves,  t h e  de- 
s i g n  of t he  c o n t r o l  system f o r  t h e  3 DOF platform d r i v e s  proceeded. Trans- 
f e r  func t ions  were defined f o r  t h e  ac tua tor / load  and servovalves,  and a  
p o s i t i o n  loop closed around the  t h i r d  s t a g e  spool t o  extend i ts  bandwidth, 
The remainder of t h e  con t ro l  system components a r e  def ined i n  Figure 22. 
The p o s i t i o n  loop i s  closed t o  provide a s t a b l e  referenca and t o  r e -  
spond t o  p o s i t i o n  commands a.s required.  The v e l o c i t y  loop i s  closed t o  
provide e f f e c t i v e  damping and t o  allow f o r  d i r e c t  response t o  v e l o c i t y  
commands. The acceJerat ion loop i s  closed t o  i n su re  smooth, low-velocity 
t r ack ing  and t o  compensate f o r  s t r u c t u r a l  resonances,  i f  necessary,  A 
feedforward network i s  a l s o  provided t o  enhance t h e  dynamic response of 
t h e  closed-loop systems. Tbe numbers i n  t h e  t r a n s f e r  func t ions  of 
F igure  22 a r e  prel iminary design values determined from component charac- 
t e r i s t i c ~  and parameter s t u d i e s  of the  response of t h e  s y s t e n  a s  simulated 
on our  hybrid computer. 
Note t h a t  t h e  design of the  con t ro l  system f o r  t h e  3 DOF ac tua to r s  i s  
f a r  more colnplex than f o r  t h e  long i tud ina l  ac tua tor .  This i s  due t o  t he  
wide v a r i a t i o n  (156:l)  i n  loads r e f l e c t e d  onto a given ac tua to r  a s  t h e  
geometry changes. 
To account f o r  the  wide v a r i a t i o n  of e f f e c t i v e  load mass on t h e  
a c t u a t o r ,  a c c e l e r a t i o n  i s  measured and fed  back t o  t h e  input  t o  form a 
minor feedback loop a s  shown i n  Figure 22. With t h e  proper acce l e ra t ion  
feedback gain,  t h e  closed-loop c h a r a c t e r i s t i c s  of t h e  minor loop w i l l  no t  
be  a func t ion  of ac tua to r  load mass and t h e  o v e r a l l  closed-loop af t h e  
p o s i t i o n  servo w i l l  be i n s e n s i t i v e  t o  t he  v a r i a t i o n s  i n  ac tua to r  loading. 
A s  a r e s u l t  (and an important one),  a l l  of t h e  r o t a t i o n a l  se rvoac tua tors  
w i l l  have1 t h e  same speed of response r ega rd l e s s  of d i f f e r ences  I n  Load 
s h a r i n g  and t h e  r e s u l t a n t  platform motion w i l l  be  smooth and uniform. 
Data on c h i ~  p a p  la Proprietary, Ite duplication, 
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6.7 Pred lc ted  Frequency Response 
The mathematical models f o r  two worst-case loading condit ions were 
programmed f o r  computer s imula t ion  and parameter s t u d i e s  were run com- 
paring t h e  predic ted  frequency response with the  requirements of Para.  
2.3.2, The r e s u l t s  compared wi th  those requirements a r e  shown i n  Figure 
23. 
F i r s t  no te  t h a t  t h e  ca l cu la t ed  closed-loop frequency responses ex- 
, 
h i b i t  no s i g n i f i c a n t  differer ices  f o r  cases  when t h e  a c t u a t o r  load mass 
i s  2,234 kg sec2/m (maximum) o r  14.3 kg soc2/ in  (0.5 I b  sac2/ in)  (minimum), 
Second, no te  t h a t  t h e  ca l cu la t ed  closed-loop phase s h i f t  a t  9.42 
rad /sec  (1.5 Hz) i s  -0,47 rad  (27') which i s  10% less than t h e  0.52 r ad  
(30') spec i f i ed .  The ca l cu la t ed  amplitude response i s  a l s o  wi th in  2 20 db 
of the  spec i f i ed  second o rde r  system up t o  12.6 rad /sec  (2 Hz), The 
phase margin and ga in  margin f o r  system s t a b i l i t y  of t h e  pos i t i on  servo  
a r e  1.0 r a d  (58') and 8 db r e spec t ive ly ,  This  repreaee ts  a s a f e t y  f a c t o r  
of b e t t e r  than 2.5 f o r  f l u c t u a t i o n s  i n  t h e  loop gain,  
The r e s u l t s  of t h e  computer s imula t ions  confirm t h a t ,  wi th  proper 
choice of compensating techniques and networks, t h e  frequency response 
requirements f o r  he l i cop te r  and fixed-wing s imula t ion  can be met with t h e  
proposed conceptual  design. 
* 
7. H Y D R A U L I C  POWER SUPPLY 
7.1 Longitudinal Drive System 
The peak hydraul ic  power requirements f o r  t h e  long i tud ina l  ac tua to r  
have been defined i n  Para. 5.5 as 2.07 x l o 7  n/m2 (3000 p s i )  and 128 gpm. 
Assuming an average based on s inuso ida l  motion and close-coupled accumu- 
l a t o r s  capable of providing t h e  d i f f e r ence ,  t h e  pump must supply 
0.637 x 128 = 82 gpm (average),  
7.2 Rotational Drive Systems 
The peak hydraul ic  power requirenicats f o r  each of t he  t h r e e  actua- 
t o r s  on t h e  3 DOF p l a t f  o m  were d e f i m d  i n  .Para. 6.5 a s  2.07 x 107 n/m2 
(3,000 p s i )  and 90 gpm. A search  of t h e  computer p r i n t o u t s  from simulated 
r o t a t i o n a l  maneuvers i n d i c a t e s  t h a t  pure yaw near  t h e  l i m i t s  r equ i r e s  t h e  
peak flow t o  a l l  t h r ee  ac tua to r s  simultaneously f o r  a t o t a l  peak flow of 
150 gpm. Assuming s i n u s o i d a l  motion and close-coupied accumulators 
capable of  providing the  d i f f e r ence ,  t h e  pump must supply t h e  average of 
0.637 x 150 = 96 gprn. 
7.3 Power S U D P ~ Y  Deslan 
wi th  simultaneous long i tud ina l  and yaw motions, t he  hydraul ic  
power supply m u s t  d e l i v e r  82 3. 96 = 178 gprn a t  a pressure  of 
2.07 x 1 0 /  n/m2 (3,000 p s i )  n t  t h e  long i tud ina l  c a r r i a g e  on t h e  VMS. 
-
Allowing f o r  a 3.45 x l o6  n / q  (500 p s i )  drop i n  t he  long catenary 
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l$nes, t h e  hydraul ic  power srlpply must be  r a t e d  t o  d e l i v e r  180 gpm a t  
2.41 x 107 n/m2 (3,500 p s i ) .  This i s  equiva len t  t o  367 horsepower and 
assuming a 90% converrriort e t f i c i e n c y ,  a 400 horsepower e l e c t r i c  motor 
is  required t o  d r i v e  t h e  pump. 
To conserve e l e c c r i c  oneray and minimize thc  cool ing requirements, 
u variable-del ivery type uf pump should be used, Other d e t a i l s  of t h e  
hydraul ic  power supply a r e  i l l u s c r a t e d  i n  Figure 24 ,  
Now t h a t  tho p re s su re  sensor  f o r  t h e  hydraul ic  pump i s  remotely 
loca ted  on t h e  l o n g i t u d i n ~  c a r r i a g e  and 18 connected e l e c t r i c a l l y  t o  a  
servo-regulator  t o  c o n t r o l  pump del ivery.  This  i a  t o  fo rce  the  pump t o  
compensate f o r  tho pressure  drop through t h e  long catenary supply l i n e 5  
and in su re  t h a t  t he  maximum f o r c e  developed by an ind iv idua l  ac tua to r  
cannot exceed s a f e  llmits under any condi t ions ,  
8. COMPUT I N G  REQU I REMEKTS FOR COORD l NATE CONVERS l ON 
Since the  e n t i r e  VMS s imula t ion  i s  con t ro l l ed  from t h e  c e n t r a l  com- 
pu te r ,  i t  I s  assumed t h a t  t he  command s i g n a l s  t o  the  ind iv idua l  pure 
motions ( l ~ f i g i t ~ d i ~ s l ,  p i tch ,  r o l l ,  ya") ate compensated f o r  d i f f e r ences  
i n  centers  of r o t a t i o n  f o r  var ious  vehic les .  Then t h e  computing require-  
ments to  be  considered here a r e  l imi ted  t o  t h e  3 DO?? r o t a t i o n a l  system 
alone,  
8'1 Math Model of 3 DOF Motion System 
The mathematical model developed f o r  design purposes includes not  
on ly  the a c t u a t o r  displacements and v e l o c i t i e s  i n  response t o  angular  
commands bu t  a l s o  a c t u a t o r  l oads  and s t r u c t u r a l  s t r e s s ,  For t h e  purposes 
of real-time c a l c u l a t i o n  i n  VMS simulat ion,  t he  l a t t e r  parameters a r e  
e l imina ted  t o  s impl i fy  and minimize computer requirements,  The s i m p l i -  
f  i e d  equat ions a r e  of  t he  form 
( l i n e a r  dtsplacement) 1,293 = (p i t ch ,  r o l l ,  yaw angles)  
( l i n e a r  v e l o c i t y )  1,2,3 = 5 (p i tch ,  r o l l ,  yaw r a t e s )  
Note that: these  are corttinuous Eunctlons and i n  r e a l  time s o  t h e  
computer must be adequate t o  handle enovgh increments a t  a f a s t  enough 
rate t o  i n s u r e  smooth motion a t  t he  cockpit .  
The s o l u t i o n  of t h e  equat ions involves t he  c a l c u l a t i o n  of a l l  s i n e s  
and cosines,  mu l t ip l i ca t ion  of t h e  t h r e e  sine-cosine mat r ices ,  multi- 
p l i c a t i o n  t imes the  cy l inder  vec tor  and add i t i on  of the  v e c t o r  components. 
We est imate t h a t  t he  equiva len t  of 200 d i g i t a l  mu l t ip l i ca t ions  must be 
done i n  each i t e r a t i o n  period,  
I n  t h e  p a s t  t h e r e  has  been cont inuing controversy regarding tho ro- 
l a t i v e  writs of  antilog versus  d i g i t a l  computation i n  dynamic systems i n  
r e a l  tlrne. Analog computers have p r a c t i c a l l y  i n f i n i t e  r e s o l u t i o n  and 
can be b u i l t  a s  a u n i t  dedicated t o  the  coordinate  conversion f o r  t he  
3 DOF pla t form a t  a reasonable cos t .  On the  o the r  hand, most oimulotion 
f a c i l i t i e s  have c e n t r a l i z c d  d i g i t a l  computers wi th  capac i ty  available t o  
handle t he  coord ina te  cofivoroion a t  l i t t l e  a d d i t i o n a l  cos t .  Both s i t u a -  
t i ons  were inves t iga t ed  i n  those s t u d i e s ,  
8.2 Digi tal Computation 
With r e fe rence  t o  Para,  2 ,3.1 an acceptab le  l e v e l  of spurious l i n e a r  
acce l e ra t ion  i s  0.03g. Applying t h i s  va lue  t o  t h e  l i n e a r  ac tua to r s  of 
the  3 DOF platform and assuming fundamental ly-s inusoidd s t e p s ,  one can 
c a l c u l a t e  t h e  acceptab le  computing increment a s  follows: 
Accelerat ion threshold,  a = 0.03g 
System bapdwidth, 5 = 12.6 rad /sec  (2 h e r t z )  
. Msximum increment, d = --iff = L. 9 x (0.073 i n )  
(470 
A t  t h e  maximum v e l o c i t y  t h i s  increment should be r eca l cu la t ed  a t  t h e  
following r a t e :  
Actuator ve loc i ty ,  vl = 1.07 m/sec (42 in / sec )  
Maximum increment, d = 1.9 x m (0.073 i n )  
v 
. I t e r a t i o n  r a t e  = ;i = 575/sec 
With ex t rapola t ion  = 50/sec 
A t  t he  ca l cu la t ed  v/d r a t e  t he re  i s  no t  enough time (0.0017 sec)  t o  
make a complete s e t  of ca l cu la t ions ,  t he re fo re  ex t r apo la t ion  i s  used t o  
c a l c u l a t e  in te rmedia te  pointo (about: 10 ) , For the  l a r g e  r a t i o  of itera- 
t i o n  r a t e  t o  bandwidth (50/2), t h i s  w i l l  p resent  no problems. During 
periods of h igh  acce l e ra t ion ,  t he  ex t r apo la t ion  w i l l  b e  l e s s  accura te  
but  t h e  threshold  i s  much higher i n  these  cases .  
To e s t a b l i s h  'he necessary d i g i t a l  word length  f o r  p a s i t i o n  commands, 
we d iv ide  t h e  t o t a l  ~ t r o k e  of t h e  ac tua to r  by t h e  previously e s t ab l i shed  
increment 
a Actuator s t roke ,  R = 1 . 5 2 ~ 1  (60 i n )  
e Maximum increment, d = 1.9 x 1 0 - ~ m  (0.073 i n )  
R 
P, Resolut ion,  r = ; = 82211 
e Word length  = 12 b i t s  minimum 
- - - I - -- -- i -
. 
Ilowever, g r e a t e r  r c s o l u t l e n  i s  required f o r  accuracy i n  t h e  computa- 
t i o n  of s inen  and coolnee, as 
e Uso word l c n g t l ~  = 16 b i t a  
I $ 8'3 A~alsg Computation fl 
With r e fe rence  t o  t h e  equatiotle I n  Para ,  8.1, i t 4 h a s  been estimated 
t h a t  t he  coord ina te  converoion can bc pe r fomad  i n  r e a l  time with pruc t i -  
c a l l y  i n f i n i t e  rcso luc ion  (no spurious acce l e ra t ions )  with t h e  follow- 
i n g  complea~ent of dedicated analog hardware 
0 i n t e g r a t o r s  
3 s i n e  func t ion  genera tors  
0 3 cos ine  func t ion  generatore 
o 27 mul t ip l i e r a  
3 d i v i d e r s  
24 summers 
5 o p e r s t i o n s l  smpllfiers 
0 9 potent iometers  
1 power supply 
9. OPERATING CONTROLS AND DISPLAYS 
Operatlng c o n t r o l s  and d i sp l ays  a r e  required f o r  a v a r i e t y  of pur- 
poses r e l a t e d  t o  t h e  opera t ion  of the  new 4 DOF system 1iit;h t h e  VMS. 
They are:  
u Normal s t a r t u p  and shutdown inc luding  subsystem 
supervisory func t ions  and i n t e r l o c k s  
e Emergency shutdown inc luding  sensors  and con t ro l s  
t o  implement both s a f e t y  syatems and c a t a s t r o p h i c  
f a i l u r e  
Diagnost ic  and s e r v i c e  inc luding  sensors ,  manual 
con t ro l s ,  coutputing equipment and d i sp l ays  t o  
minimize downtime, 
9.1 Normal S ta r tup  and Shutdown 
In  normal s t a r t u p ,  t he  opera tor  must be informed i n  the  s t a t u s  of 
va r ious  subsystems and i n t e r l o c k s  and subsystems such a s  e l e c t r o n i c  power 
and hydraul ic  p re s su re  mustbebrought  on i n  proper sequence t o  avoid l o s s  
of con t ro l ,  F igure  25 i l l u s t r a t e s  an opera tors '  c o n t r o l  pane l  t h a t ,  
DoCa on fhla  pnge ia Propxistarye Ita duplicntion, 
diao$nination or disclosura t o  any peraona outstda 
tho (tovornmnt ia plcohlbZCCJ~ 
coupled w i t f r  ~ ~ u p e ~ v i s o r y  computer capac i ty ,  prsvldea theso  func t ions .  
Dofore s t a r t i n g  tha hydrau3.Z~ pumps, the  ttready" l i g h t  must be on summari- 
z ing thc  a t a t u o  of a l l  InCerlocko. If t h e  ready l i g h t  doe6 n o t  come on, 
i nd iv idua l  umall lamps i n d d . ~ ~ t a  wlrislt i n t e r l o c k  i a  n o t  s a t i s f i e d  s o  t h e  
ogera tor  can take  appropr ia te  ac t ion ,  
The opera tor  Sa a l e o  presented wi th  t h e  s t a t u s  of c e r t a i n  subsystems 
t h a t  a l low time f o r  t h e  oxezcisct, of human judgment. For example, i f  t h e  
o i l  kemperature axccedsap rcoe t  l i m l t  bu t  t h e  VMS is  i n  t h e  process of 
a  c o s t l y  ainiuXatlon run, t h e  opera tor  can choose t o  complete t he  run  if i t  
can be done s a f e l y ,  
I n  normal s t a r t u p ,  power is appl ied  i n  t h e  proper sequence and a l l  
subsystems assume t h e i r  nominal s t a t u s  wi th  r,he 4 DOF system i n  a  pos i t i on  
j u s t  opposiee the loading ramp, The opera tor  can then t r a n s f e r  c o n t r o i  
(through b u i l t - i n  "bumplesa" c i r c u i t s )  t o  computer c o n t r o l  o r  t o  t h e  ser- 
v i ce  panel.  
,. 
The opera tor  a l s o  has on h i s  panol an emergency shutdown but ton,  
This  i n t i t a c n e  e Ievel 2 shtrtrltrwn, For example, i t  removes con t ro l  of 
t h e  4 DOF system from tIre c e n t r a l  VMS Operators '  Connole and r e tu rns  t he  
platform t o  n. "res t"  pos i t i on ,  
9.2 Safety Systems 
Lcvel 1 - Control led Safety Systems 
Safe ty  systems a r e  b u i l t  i n t o  a l l  c o n t r o l  systems t o  de t ec t  and 
cont ro l :  
e acce l e ra t ion  
o v e l o c i t y  
B displacement 
Except i n  those cases  where ehe ac tua to r  loadings a r e  q u i t e  va r i ab l e ,  
a c c e l e r a t i o n  Limits a r e  bu i l t - i n ,  being Largely determined by the  a v a i l a b l e  
- 
supply pressure ,  On t h e  o the r  hand, t h e  d e c e l e r a t i o n  involved i n  s topping 
under emergency condit ions must be Limited so a s  n o t  t o  ove r s t r e s s  man o r  
machine. A simple mechanization uses r e l i e f  va lves  arranged t o  l i m i t  pres-  
s u r e  d i f f e r e n t i a l  across  t h e  hydraul ic  cy l inde r ,  
Veloci ty l i m i t s  are v i t a l l y  important: because displacements a r e  l i n i t e d  
by the  cy l inde r  s t r o k e ,  with both displacement and dece l e ra t ion  l i m i t e d ,  
t he  v e l o c i t y  must be automatical ly  l imi t ed  ss t h e  servo ac tua to r  can be  
stopped before  i t  makes a  mechanical contac t  (bottoms). A simple v e l o c i t y  
l i m i t  would be s e t  a t  f i xed  l e v e l  f o r  t h e  worst: case  and the stopping se- 
quence t r i pped  wi th  a  L i m i t  switch a  f i xed  d i s t a n c e  from t h e  end of s t roke .  
Data on thir prBo to  Proprietrry. Itr d~plicntian~ 
dfeeeminotiarr or dLwloaura to my prrrons outetde 
rha Govocnmnt, l a  prot~lbited. 
However, t h i a  l i m i t r r  Mio uoeablo s imula t ion  s t r o k e  t o  kilt? d i s t ancc  between 
t h e  two Eixcd l i m i t  rrwftchoa. I f  t h e  servo  actuator i s  following a low- 
v e l o c i t y  command s i g n a l  under normal condi t ions ,  a s imula t ion  run may be 
naedlese ly  in t e r rup ted  by t h i a  acheme, We bel iovc  t h a t  tho VTBL Motion 
Control  System would be  n ign i f i can t ly  compromised unlees  $1: was E i t t c d  with 
"smart" v e l o c i t y  L i m i t s ,  s e n s i t i v e  t o  d i s t a n c e  Erom the  end-of-stroke of 
f h e  hydraul ic  cy l inders ,  such as S l l u o t r a t c d  i n  Piguro 26, 
The c i r cu i t :  of Figure 26  tin bo uecd t o  l i m i t  maximum acce l e ra t ion ,  
v e l o c i t y  and pos i t i on  commands us ing  poo i t i on  commond u s  an inpu t ,  The c i r -  
c u i t  conf igura t ion  shown r c t r c e c n t s  a second order  sFstem I n  which the  f i r s t  
and second derivatives then represent  veXocity and acce lera t ion ,  respec- 
t i v e l y ,  If l i m i t i n g  c i r c u i t s  are incorporated,  maximum values f o r  each of 
t h o  parameters can be cont ro l led ,  Judiciouo selection of c i r c u i t  cons tan ts ,  
l i m i t i n g  l e v e l s  and l i m i t a t i o n  of t he  fnput  p o s i t i o n  command, X i ,  w i l l  no t  
on ly  y i e ld  t h e  des i red  mxlmumu, bu t  w i l l  allow programming t h e  output  
func t ions ,  Xo, I n to  i t s  l i m i t 8  a t  a predetarminsd ccce l e ra t ion ,  
9.2.2 Level 2 - Emergency Systems- 
An emczgeacy system Eor hydraul ic  a c t u a t o r  dr iven  s lmula tors  t o  pro- 
ven t  l o s s  of c o n t r o l  of the  mechanical equipment has been developed t o  
handle such elnergency condi t ions  a s :  
excessive acce l e ra t ion  
excess ive  v e l o c i t y  
displacement beyond l i m i t s  
excessive servo loop e r r o r s  
subsystem malfunctions 
i n t e r l o c k  t r i p s  
l o s s  of hydraul ic  pressure  
Loss of e l e c t r i c  power 
opera t o r  ' s opt ions  
Emergency system opera t ion  can be i n i t i a t e d  automatical ly  by any 
des i r ed  predetermined parameters, o r  i t  cun be i n i t i a t e d  manually a t  t h e  
d i s c r e t i o n  of t h e  operator .  
Under emergency opera t ion  t h c  m ~ t i o n  of t he  platform must be a r r e s t e d  
wi th  con t ro l l ed  dece l e ra t ion  and re turned  by con t ro l l ed  power t o  I t s  
"at r e s t "  pos i t i on ,  Powered ro tu rn  of t h e  p l a t fo lm is  always p o s s i b l e  
us ing  t h e  hydraul ic  f l u i d  which i s  s to red  under p re s su re  i n  accumulators 
connected t o  che hydraul ic  l i n e s .  The system i s  in te r locked  i n  such a 
manner t h a t  the  moving platform cannot be operated unless  accumulator 
pressure  is  ava i l ab l e .  
I n  normal system operat ion,  t he  va lve  so lenoids  a r e  energized, al-  
lowing p re s su re  t o  be  exb,austed from the  emergency ac tua to r s ,  so  t h a t  
emergency ac tua to r  p i s tons  a r e  withdrawn from main servo valve chamber, 
t h u s  allowing t h e  servo  va lve  t o  con t ro l  t h e  system, 
Data on tbiu pnga i o  Propriohrry. 3to duplication,  
diasemincrtiorr or diaclovuro t o  any persona outeida 
thu Covernuant i e  prohibitad, 
I n i t i a t i o n  of emergency system opera t ion  s h u t s  o f f  e l e c t r i c  power 
from a l l  e l ec t rohydrau l i c  components inc luding  t h e  main pump motor and 
the  solenoid valves.  The valves now admit accumulator p re s su re  t o  t h e  
"down" chamber of t he  main servo va lve  and d r a i n s  pressure  from t h e  "up" 
chamber of main servo valve.  Accumulator pressure  is  a l s o  admitted t o  
t h e  emergency ac tua to r ,  thus forc ing  i t  t o  move t h e  main va lve  spool  t o  
a predetermined pos i t i on  i n  the "down" d i r e c t i o n .  The s l i g h t  opening 
of t h e  va lve  o r i f i c e  thus provided causes drop i n  p re s su re  on the  
bottom p i s t o n  a r e a  of t h e  ac tua to r s ,  and the  moving platform i s  dr iven  t o  
i t s  "a t  r e s t "  f o a i t i o n ,  
The speed a t  which t h e  moving platform is  driven t o  t h e  "a t  r e s t "  
p o s i t i o n  i s  cont ro l led  by t h e  amount of opening i n  t h e  second s t a g e  
servo  va lve  and i s  ad jus tab le .  The speed of va lve  spool  movement t o  i t s  
predetermined "down" p o s i t i o n  is a l s o  ad jus t ab le  so  a s  t o  con t ro l  i n i t i a l  
acce l e ra t ion ,  
When platform has reached i t s  " a t  r e s t "  p o s i t i o n  and a11 accumulator 
pressure  has drained of f  t h e  main p i l o t  operated check valves c lo se  thus 
hydrau l i ca l ly  locking t h e  platform i n  place.  
A d i g i t a l  computer prog::am i s  a v a i l a b l e  f o r  ve r i fy ing  t h e  a c t i o n  
of t h e  moving platform during emergency r e t u r n  t o  "a t  r e s t "  pos i t i on .  
The program determines t h e  platform coordinates  from t h e  a c t u a t o r  length  
by so lv ing  simultaneous nonl inear  equat ions,  c a l c u l a t e s  t h e  l i n e a r  and 
angular  displacements of t he  cen te r  of g rav i ty  of t h e  payload, and de- 
r i v e s  t h e  pressure  i n  both the  upper and lower chambers of t h e  ac tua to r s ,  
The a c t u a t o r s  a r e  then  allowed t o  r e t r a c t  o s h o r t  d i s t ance  a s  determined 
by t h e  pressures  and t h e  given o r i f i c e  opening, a f t e r  which the  computa- 
t i o n  cyc le  i s  repeated u n t i l  the  platform a r r i v e s  a t  t h e  "at res t ' '  posi- 
t ion. 
The accuracy of this program has  been proved by checking t h e  r e s u l t s  
obtained from it  aga ins t  a c t u a l  r e t r a c t i o n  speeds of t h e  s imulator .  Not 
only was c lose  correspondence between ca l cu la t ed  and a c t u a l  speeds ob- 
served, b u t  t he  amount of o r i f i c e  opening of t h e  second spool  as de ter -  
mined by t h e  s e t t i n g  of t h e  emergency ac tua to r  was ca r r ec t ed  on t h e  b a s i s  
of computed r e e u l t s  so  a s  t o  a c h l . v e  uniform r e t r a c t i o n  speed. Uniformity 
of r e t r a c t i o n  speeds cannot be taken f o r  granted because t h e  displacement 
of t h e  servo  va lve  spool  under emergency condi t ions  is of t h e  same order  
of magnitude a s  t h e  manufacturing to le rances .  
Figure 27 shows a t y p i c a l  t i m e  h i s f  ory of p la t form motion during an 
emergency shutdown i n i t i a t e d  during a l a r g e  displacement i n  t h ree  degrees 
of freedom. 
I 
9.3 Serv ice  and Diagnostic Controls 
For  rou t ine  maintenance and se tup  a  convenient con t ro l  pane l  such a s  
i l l u s t r a t e d  i n  F igure  28 i s  provided. During normal operat ion t h e  observer 
can monitor s e rvo  loop e r r o r s  t o  a n t i c i p a t e  impending problems. When opera- 
t i o n  i s  t r ans fe r r ed  t o  him, he has  t h e  manual con t ro l s  and o the r  d i sp l ays ,  
coupled with computer d i agnos t i c  a lgori thms,  t o  a i d  i n  i s o l a t i n g  malfunc- . 
t ions .  
Further  c o n t r o l s , c o m p u t a t i ~ n  and d i sp l ays  can be used on remote panels  
t o  p i n p o h t  a  malfrlncti,on and t o  a i d  t h e  s e r v i c e  person i n  co r r ec t ing  it. 
10. SUMMARY OF SPECIFICATIONS 
10.1 Technical Spec i f ica t ion  Package 
The conceptual des ign  s t u d i e s  covered by t h i s  r epo r t  were intended t o  
produce t echn ica l  s p e c i f i c a t i o n s  and prel iminary design drawings, to  support 
e deta i l ,  design e f f o r t .  The to t a l ,  package i s  t o  be  mgde up from the  
following fou r  ca tegorfes :  
1. The func t iona l  requirements and r e s t r a i n t s  a s  
o r i g i n a l l y  presented i n  t h e  Statement of Work 
and summarized i n  Para. 2 of t h i s  r e p o r t ,  
2 .  Addit ional  func t iona l  requirements as developed 
during t h e  conceptual des ign  s t u d i e s  and pre- 
sen ted  i n  Para. 10.2 t o  follow. 
3.  Prel iminary design requirements a s  developed i n  
t h i s  r epo r t  and presented i n  general ,  block dia-  
grams and c i r c u i t  schematics. 
4.  Rrelimi-nary mechanical des ign  drawings inc luding  
o v e r a l l  l ayouts ,  kinematic arrangements and da- 
t a i l s  of c r i t i c a l  mechanical couplings and 
s t r u c t u r e s .  
The Spec i f i ca t ion  Package i s  amembled and de l ivered  a s  a sepa ra t e  
i t e m  inc luding  t h e  following documents. 
e Technical  Spec i f i ca t ion  
e C i r c u i t s  and Block Wagrams 
Mechanical Drawings 
10.2 A d d i t i o n a l  Design Requirements 
10.2.1 S a f e t y  Fac to r  
t- 
I.. 
The motion system s h a l l  be des igned w i t h  a minimum s a f e t y  f a c t o r  of 
2 on y i e l d  stress of  m a t e r i a l s  us ing  t h e  f o l l o w i n g  motions a s  t h e  S a s i s  
f o r  c a l c u l a t i n g  t h e  laadu:  
Mode 
-
A c c e l e r a t i o n  
Yer t i c a l  14.  6m/sec2 (48 f t / s e c 2 )  
L a t e r a l  7.32 m/sec2 (24 f t / s e c 2 )  
Longl t u d i n a l  3.05 m/sec2 (LO £t/sec2) 
R o l l ,  P i t c h  and Yaw 1 .04 r a d / s e c 2  (60°/sec2)  
Natural  Frequencies  
The lowes t  n a t u r a l  frequency of t h e  motion system s t r u c t u r e  s h a l l  
be  g r e a t e r  than  50.2 r a d / s e c  (8.0 h e r t z ) .  Design p r o v i s i o n s  s h a l l  a l s o  
be  made t o  avoid e x c i t a t i o n  o f  any n a t u r a l  f requency g r e a t e r  than 
59.2 r a d / s s c  (8.0 h e r t z ) .  
10.2.3 Noise Threshold 
Noise t h r e s h o l d s  (responded u n c o r r e l a t e d  w i t h  commands) s h a l l  b e  
determined by moni to r ing  t h e  a p p r o p r i a t e  v a r i a b l e  w h i l e  e x e r c i s i n g  each 
degree  of freedom of motion .cxi$h a 0 .63 r a d l s e c  (0, lO h e r t z )  s i n e  func- 
t i o n  hav ing  a n  ampl i tude of 10% of maximum displacement .  
Mode 
- Threshold (peak) 
L inear  0.03 g 
Angular 0.004 r a d / s e c 2 ,  0.04 r a d l s e c  
10.2.4 Smoothness 
Throughout t h e  performance envelope,  motion n o i s e  l e v e l s  s h a l l  be  
no g r e a t e r  t h a n  t h e  n o i s e  thresho3d l e v e l s  s t a t e d  i n  Para .  10.2.2.  
10.2 .5  S t a t i c  Accuracy 
S t a t i c  e r r o r  between a c t u a l  and commanded p o s i t i o n  shou ld  be  less 
t h a n  1% of  maximum displacement .  
10.2.6 Noise Control  
Goal f o r  t h e  a u d i b l e  n o i s e  l e v e l  of t h e  new 4 DOT motion system a s  
measured a t  t h e  c a b / v i s u a l  i n t e r f a c e  s h a l l  be below 75 db over  t h e  e n t i r e  
a u d i o  f requency range.  
10.2.  7 Posi t ion-Rate-Accelera t ion Envelopes 
Opera t ing  envelopes  f o r  t h e  l o n g i t u d i n a l  and r o t a t i o n a l  motions of 
t h e  new 4 DOF motion system s h a l l  be w i t h i n  5% of t h o s e  i l l u s t r a t e d  i n  
F i g u r e s  29 and 30, r e s p e c t i v e l y .  
10.2,  8 Safe ty  Systems 
S a f e t y  sys tems s h a l l  be  inc luded  i n  t h e  d e s i g n  o f  t h e  new 4 DOF t o  
a u t o m a t i c a l l y  l i m i t  maximum a c c e l e r a t i o n s  and v e l o c i t i e s  t o  s a f e  l e v e l s  
under a l l  normal and emergency s i t u a t i o n s .  
10.2.  ,9 Actuator  Replacement 
Design of t h e  new 4 DOF motion system s h a l l  a l l o w  f o r  t h e  rep lace-  
ment o f  a complete e b e c t r o h y d r a u l i c  a c t u a t o r  assembly w i t h i n  2 hours .  
10.2.10 Hydraulic Fluid  
Hydraul ic  f l u i d  s h a l l  be MIL-H-5606 o r  e q u i v a l e n t .  
1 1 .  ESTIMATED COSTS 
We e s t i m a t e  t h a t  t h e  c o s t  of c o n s t r u c t i o n ,  i n s t a l l a t i o n  and checkout 
of t h e  new 4 DOF Motion System i s  under $2 m i l l i o n .  
12. ESTIMATED TIME SCHEDULES (Figure  31) 
Detail Design 9 
C o n s t r u c t i o n  and In-Plant  T e s t s  1 2  
I n s t a l l a t i o n  and On-Site T e s t s  6 
27 months 
13. CONCLUSIONS AND RECOMMENDATIONS 
The o b j e c t i v e  of the  des ign  skudies  covered i n  t h i s  Report was t o  
develop t h e  conceptual  des ign  f o r  convert ing t h e  V e r t i c a l  Motion Simula- 
t o r  t o  a multi-purpose a i r c r a f t  and h e l i c o p t e r  s imula tor ,  This o b j e c t i v e  
has been met most effectf .vely through t h e  c r e a t i v e  design of a  unique, 
high-performance 4 DOP motion system t o  permanently r ep l ace  tile p r e sen t  
6 DOF s y n e r g i s t i c  system. T l~e  new 4 DOF syetem has t h e  following out- 
s tanding f e a t u r e s :  
w i l l  i n t e g r a t e  wi th  t he  two l a r g e  VMS t r a n s l a t i o n a l  
modes and t h e i r  a s soc i a t ed  subsystems 
can be converted from h e l i c o p t e r  t o  fixed-wing a i r -  
c r a f t  s imula t ion  through sof tware changes only 
e i n t e r f a c e s  with an advanced c a b l v i s u a l  d i sp l ay  system 
of l a r g e  dimensions 
makes maximum use of proven techniques,  convenient 
ma te r i a l s  and off- the-shelf  components 
e w i l l  opera te  w i t h i n  t he  e x i s t i n g  bu i ld ing  envelope 
without  modi f ica t ions  
can be  b u i l c  w i th in  t he  s p e c i f i e d  weight l i m i t  and 
avoid compromising VMS performance 
e provides  maximum performance wi th  a minimum of power 
consumption 
simple design minimizes coupl ing between motions and 
maximizes r e l i a b i l i t y  
can be  b u i l t  w i t h i n  e x i s t i n g  budgetary f i g u r e s .  
In  conclusion,  t he  proposed conceptual  des ign  f o r  t h e  new 4 DOP meets 
every goa l  of t h e  NASA s imula t ion  program. It s a t i s f i e s  t h e  major ob- 
j e c t i v e  of t h e  des ign  s tu? , ies  w i th  a  concept t h a t  i s  based on proven 
equipment and f i t s  w i th in  a11 des ign  c o n s t r a i n t s .  Therefore  i t  meets 
t h e  o b j e c t i v e  most e f f e c t i v e l y  and f o r  t h e  lowest cos t .  
We b e l i e v e  t h a t  t h e  s e l e c t i o n  of t h e  conceptual 4 DOF motion system 
descr ibed i n  t h i s  Report f o r  in~plementst ion w i t h  t h e  VMS w i l l  be i n  t h e  
b e s t  i n t e r e s t  of t h e  NASA. We recommend t h a t  s e l e c t i o n .  
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F i g u r e  8. Three DOF on L o n g i t u d i n a l  C a r r i a g e  
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Figure 29. Long i tud ina l  Posi t ion-Rate-Accel e r a t i o n  Envelopes 
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Figure 30. Rotational Posi ti on-Rate-Acceleration Envelopes 
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